Detailed analysis of the one-photon mass-analyzed threshold ionization ͑MATI͒ spectrum of CH 2 ClI is presented. This includes the determination of the ionization energy of CH 2 ClI, complete vibrational assignments, and quantum-chemical calculations at the spin-orbit density-functional-theory ͑SODFT͒ level with various basis sets. Relativistic effective core potentials with effective spin-orbit operators can be used in SODFT calculations to treat the spin-orbit term on an equal footing with other relativistic effects and electron correlations. The comparison of calculated and experimental vibrational frequencies indicate that the spin-orbit effects are essential for the reasonable description of the CH 2 ClI + cation. Geometrical parameters and thus the molecular shape of the cation are greatly influenced by the spin-orbit effects even for the ground state. Calculated geometrical parameters deviate substantially for different basis sets or effective core potentials. In an effort to derive the exact geometrical parameters for this cation, SODFT geometries were further improved utilizing Franck-Condon fit of the MATI spectral pattern. This empirical fitting produced the well-converged set of geometrical parameters that are quite insensitive to the choice of SODFT calculations. The C-I bond length and the Cl-C-I bond angle show large deviations among different SODFT calculations, but the empirical spectral fitting yields 2.191± 0.003 Å for the C-I bond length and 107.09± 0.09°for the Cl-C-I angle. Those fitted geometrical parameters along with the experimental vibrational frequencies could serve as a useful reference in calibrating relativistic quantum-chemical methods for radicals.
I. INTRODUCTION
Polyhalomethanes are considered as important sources of reactive halogens in the atmosphere. 1, 2 Various thermochemical and spectroscopic investigations have been performed on these systems, including recent threshold photoelectron-photoion coincidence spectroscopic study by Kwok and Phillips 3 and Lago et al. 4 Compared to the conventional photoelectron spectroscopy ͑PES͒, zero kinetic energy ͑ZEKE͒ photoelectron and mass-analyzed threshold ionization ͑MATI͒ spectroscopies show much better resolution and are useful in obtaining accurate ionization energies and vibrational frequencies. [5] [6] [7] In these techniques, a neutral molecule is excited to a Rydberg state ͑high n, low l͒ and is thought to undergo radiationless transition to a high l and high m l state, which is usually called a ZEKE state. Then, application of electric-field pulse induces ionization of the neutral in this state. ZEKE and MATI differ in the particles detected, electrons in ZEKE and cations in MATI. Better spectral resolution is the main advantage of ZEKE, while that of MATI is its mass selectivity. 8 Even though multistep excitation schemes such as 1 + 1 and 2 + 1 have been widely used in earlier investigations, the onephoton scheme utilizing coherent vacuum ultraviolet ͑VUV͒ radiation generated by four-wave mixing is getting popular. [9] [10] [11] Recently, we reported the one-photon MATI spectrum of CH 2 ClI. 12 The vibrational fundamentals of CH 2 ClI + could be readily identified simply by referring to the normal-mode frequencies in the neutral. 13 Unlike our previous studies on various molecular ions, 14, 15 however, the vibrational frequencies calculated by the density-functional theory ͑DFT͒ with the B3LYP functional in a routine manner did not agree well with the experimental data. The agreement became substantially better when the spin-orbit and other relativistic effects were included in the calculation by using the spin-orbit density-functional-theory ͑SODFT͒ method available in the NWCHEM package, 16 which performs quantum-chemical calculations employing relativistic effective core potentials ͑RECP͒ with effective spin-orbit operators from the start. But the agreement for this case is still less satisfactory than for the previously studied ions.
The fact that the calculated frequencies do not predict the actual values satisfactorily suggests a similar situation for the calculated geometry. Although accurate geometrical information can be obtained once rotational lines are resolved in the spectrum, this rotational resolution cannot be achieved with MATI at the moment. Even the state-of-the-art ZEKE instruments 6 would have difficulty in resolving rotational lines for asymmetric top molecules with a heavy atom͑s͒ such as CH 2 ClI + . An alternative is to perform a FranckCondon analysis of the vibrational peak intensities as is often done in PES. 17 It has been reported that the experimental intensity distribution in ZEKE and MATI spectra may not represent that of the Franck-Condon factors due to the channel interactions. 5, 18 We performed the Franck-Condon analysis of the one-photon MATI spectra of halogenated hydrocarbons for which the spin-orbit interaction was not important and the calculated frequencies predicted the actual values quite well. 14, 15 It was found that the Franck-Condon factors calculated at the DFT/B3LYP level were in excellent agreement with the experimental spectral patterns, suggesting that the channel interactions were not important. 19 One may assume the same for the CH 2 ClI + ion. Since the initial report 12 of the dramatic spin-orbit effect in the vibrational frequencies of CH 2 ClI + measured by MATI spectroscopy, extensive SODFT calculations have been performed for this system together with attempts to obtain reliable geometrical data via Franck-Condon fit. The results are presented in this paper. The present approach is a viable option to determine geometric parameters of ions for which purely experimental determination is not attainable.
II. EXPERIMENT
CH 2 ClI was purchased from TCI ͑Tokyo͒ and used without further purification. The gaseous sample at ambient temperature was seeded in Ar at the stagnation pressure of 2 atm and supersonically expanded through a pulsed nozzle ͑diam-eter of 500 m, General Valve, Fairfield͒. The supersonic beam was then introduced to the ionization chamber through a skimmer ͑diameter of 1 mm, Beam Dynamics, San Carlos͒ placed about 3 cm downstream from the nozzle orifice. The typical background pressure in the ionization chamber was 7 ϫ 10 −8 torr. The method to generate pulsed vacuum ultraviolet ͑VUV͒ radiation by four-wave difference frequency mixing in Kr was explained in detail previously 10, 11 and will not be repeated here. The VUV laser pulse was collinearly overlapped with the molecular beam in a counterpropagation manner, and slit electrodes were used to collect the ions efficiently. Weak spoil field was applied to remove the directly produced ions. To achieve the pulsed-field ionization ͑PFI͒ of the neutrals in ZEKE states, the electric field of 15-90 V / cm was applied at a certain delay time after the VUV pulse. The ions generated were then accelerated, flown through a field-free region, and detected. A scrambling field was applied to lengthen the lifetime of ZEKE states. Photoelectric current from a thin gold plate placed in the VUV beam path was used to calibrate the VUV intensity.
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III. COMPUTATION
A. Quantum-chemical calculation
Spin-orbit DFT ͑SODFT͒ calculations were done for the CH 2 35 ClI neutral and cation in the ground electronic state with the B3LYP functional using NWCHEM. RECPs with the effective spin-orbit potentials and the basis sets for the valence shell reported by Christiansen and co-workers were used for the halogen atoms. 21, 22 To this basis set, we added diffuse and polarization functions reported by Bae et al. 23 to be consistent with large basis sets used for other atoms. Four of the calculation sets used in this work are shown in Table I . In addition, five more calculation sets were used. The full list of the calculation sets and the results therefrom are added as supplementary materials. 24 To observe the importance of the spin-orbit terms, all the calculations were done with and without the spin-orbit potentials, but using the same RECP. The step size in the calculation of the numerical Hessian was optimized to produce converged vibrational frequencies. Equilibrium geometries, vibrational frequencies, and normalmode eigenvectors of the neutral and the cation were calculated.
B. Franck-Condon factor
The method to calculate the Franck-Condon factors in a MATI process from the quantum-chemical results was described in detail previously.
14 Only a brief account of the procedure will be presented here. Assuming that the ion core in a high Rydberg state be essentially the same as the corresponding cation, the Franck-Condon factor can be expressed as the vibrational overlap integral between the wave functions of the neutral and the cation. The product of the harmonic oscillator eigenfunctions for each normal mode was used as the vibrational wave function. Since the normal coordinates changed upon ionization, it was necessary to relate those in the initial ͑QЉ͒ and final ͑QЈ͒ states for the evaluation of the overlap integral. 
J is called the Duschinsky matrix, which represents changes in the normal mode pattern, while K represents changes in the equilibrium geometry upon ionization. QЉ and QЈ were obtained by using the results from the quantum-chemical calculations. Then, both were expressed in a common internal coordinate system, and J and K were evaluated based on Eq. ͑1͒. Choosing a proper coordinate system in the calculation of Franck-Condon factors has been addressed by many reports. 17, 25, 26 The Cartesian coordinate system is, in most cases, favored over the internal coordinate system. Our experience has been that internal coordinates, especially those resembling the normal coordinates closely, are more appropriate to handle significant geometry change or large amplitude vibration than the Cartesian coordinates. 27 In this work, spectral intensities were analyzed using both the internal and Cartesian coordinate systems. Since the coordinate dependence of the final results was negligible, only those obtained with the internal coordinate system will be reported.
Four bond lengths r͑C-Cl͒, r͑C-I͒, r͑C-H 1 ͒, and r͑C -H 2 ͒ and five bond angles ЄCl-C-I, ЄCl-C-H 1 , ЄCl-C-H 2 , ЄI-C-H 1 , and ЄI-C-H 2 were used as the internal coordinates. The overlap integrals, and hence the Franck-Condon factors, were calculated using the analytical expressions for J and K in the literature. 28 For example, C and D matrices which are directly related to the Franck-Condon factors were evaluated as follows:
⌫Ј and ⌫Љ are diagonal matrices, which have the vibrational frequencies of the cation and the neutral, respectively, as the diagonal elements. The explicit expressions for the intensities of vibrational peaks relative to that of the 0-0 band are as follows:
͑5͒
In fact, the intensities of the fundamental peaks are determined by D, which is more influenced by geometry change ͑K matrix͒ than by mode-mode coupling ͑J matrix͒, while both of these affect the intensities of the combination and overtone peaks.
IV. RESULTS AND DISCUSSION
A. One-photon MATI spectrum and ionization energy
One-photon MATI spectrum of CH 2 ClI recorded by monitoring CH 2 35 ClI + generated in the ground electronic state is shown in Fig. 1 . The spectrum recorded by monitoring CH 2 37 ClI + was similar to the above, except that distinct isotopic shifts were observed for some peaks. The spectrum in the 600-2300-cm −1 region is magnified along the y axis to demonstrate the quality of the spectrum.
The most intense peak at ϳ78 644 cm −1 in Fig. 1 is the 0-0 band, the position of which corresponds to the ionization energy. In practice, it is lower than the correct ionization energy because neutrals in the ZEKE states lying some cm −1 below the threshold can also be ionized when a high PFI field is used. To correct for this effect, the 0-0 position was measured using various PFI fields and the results were extrapolated to the zero field limit. A spoil field was not applied in such measurements. The ionization energies thus determined are 9.7506± 0.0006 eV for both isotopomers. These are in excellent agreement with previous reports, 4,29 as compared in Table II .
B. Vibrational assignment for the cation
Assuming that the shift of a vibrational peak in a MATI spectrum due to the applied electric field is similar to that of the 0-0 band, the vibrational frequency of the cation corresponding to each peak can be estimated simply by taking the difference of its position from that of the 0-0 band. The vibrational frequency scale with the origin at the 0-0 band position is also shown in Fig. 1 . The vibrational frequencies measured from the one-photon MATI spectrum are listed in Table III together with the mode assignments, which will be presented below. Identification of the vibrational fundamentals of CH 2 35 ClI + was reported previously. 12 A summary is as follows: CH 2 ClI + has nine nondegenerate normal modes, modes 1-6 with the aЈ symmetry and modes 7-9 with aЉ. Modes 1 and 7 correspond to symmetric and asymmetric C-H stretchings, respectively, and modes 2, 3, 8, and 9 are due to CH 2 motion. Modes 4 and 5 are C-Cl and C-I stretchings, respectively, and mode 6 is Cl-C-I bending. The peaks at 114, 408, 767, 1164, and 1385 cm −1 were assigned to the fundamentals of 6 , 5 , 4 , 3 , and 2 , respectively. Unlike aЈ, the aЉ fundamentals are electric dipole forbidden. Only the 8 fundamental was identified to the peak at 1072 cm −1 . Other prominent peaks must be mostly overtones and combinations of the aЈ modes, especially those involving 5 1 at 880 cm −1 . Some of the very weak peaks in the MATI spectrum could not be assigned to the fundamentals, overtones, or combinations of the cation vibrations. Their intensities were found to increase as the molecular-beam expansion condition was relaxed. By referring to the vibrational frequencies of the neutral, 13 they were identified as hot band transitions involving 5 . For example, the weak peak at 273 cm −1 can be assigned to 5 2 ← 5 1 . isotopic shift expected for each peak was calculated. The calculated shifts were in excellent agreement with the experimental ones.
C. Quantum-chemical calculations
At all the levels used in the calculation, the equilibrium geometries of both the neutral and the cation have the planar symmetry, C s . It is known from a previous PES study 29 that the ground-state electron configuration of the neutral is … ͑6aЈ͒ 2 ͑2aЉ͒ 2 ͑3aЉ͒ 2 ͑7aЈ͒ 2 , resulting in X 1 AЈ. 7aЈ and 3aЉ correspond to the iodine 5p nonbonding orbitals parallel and perpendicular to the molecular plane, n͑I 5p ʈ ͒ and n͑I 5p Ќ ͒, respectively. It is to be mentioned that the classification of the orbitals into aЈ and aЉ could become ambiguous when the spin-orbit effect is considered because both belong to the same irreducible representation in the double group symmetry valid for systems with a large spin-orbit effect. 30 As was reported previously, two nearly degenerate stationary states, 2 AЈ and 2 AЉ, were found in the calculations for the cation without the spin-orbit term. 12 Their energy separation was 1200 cm −1 or less. Qualitatively, these correspond to the states generated by the removal of an electron from iodine nonbonding orbitals, n͑I 5p ʈ ͒ −1 and n͑I 5p Ќ ͒ −1 , respectively. We had to reject these results based on experimental data. Firstly, the fact that the straightforward phenomenological assignment of the MATI peaks to vibrations in a single electronic state was feasible is not compatible with the presence of two nearly degenerate states. Secondly, vibrational frequencies calculated in these states displayed significant discrepancies from the experimental values. As has been mentioned already, the discrepancies were much smaller when the spin-orbit term was included in the calculation. Finally, the photoelectron spectrum shows a doublet, known as the spin-orbit doublet, separated by as much as 0.59 eV ͑4800 cm −1 ͒. 29 These led us to perform an extensive set of SODFT calculations.
With the inclusion of the spin-orbit potential, the lowlying excited state could no longer be found in the vicinity of the ground electronic state of the cation. In the double group symmetry valid for systems with large spin-orbit effect, both the lower and upper spin-orbit states belong to the same irreducible representation, resulting in larger separation of these two states. The spin-orbit interaction between the unperturbed states resulted in dramatic changes in the cation geometry, too, especially in the Cl-C-I bond angle and the C-I bond length. For example, the Cl-C-I bond angle calculated with the set 3 in Table I was 96.1°and 116.1°for the unperturbed 2 AЈ and 2 AЉ states, respectively, in the absence of the spin-orbit terms, but changed to 106.1°for the lowest fine-structure state in the presence of the spin-orbit terms. A qualitative explanation for this change is as follows: Even though the 7aЈ and 3aЉ orbitals are essentially nonbonding orbitals of iodine, the former has more antibonding character between the two halogen atoms than the latter. Then, the elimination of an electron by the ionization from the former induces a shorter distance between the two atoms, and hence a smaller bond angle than that from the latter. Finally, the mixing of these two states via spin-orbit interactions generates the ground-state geometry with the bond angle halfway between those of the two unperturbed states. Equilibrium geometries of the cation calculated without and with the spin-orbit terms using four different basis sets and/or RECPs are listed in Table IV . For the neutral in the ground electronic state, X 1 AЈ, in which all the spins are paired, the influence of the spin-orbit terms was not significant. Equilibrium geometries of the neutral calculated in the manner similar to those of the cation are listed in Table V .
Considering the dramatic change in the cation geometry induced by the spin-orbit term, it is not surprising to find the similarly dramatic change in the vibrational frequencies, as listed in Table VI . The most dramatic changes occurred for 5 and 6 , which are C-I stretching and Cl-C-I bending, respectively. For example, the frequency of 6 114 cm −1 . As for the geometry, the influence of the spin-orbit term was not significant for the frequencies of the neutral, as listed in Table VII .
Even though the calculations with the spin-orbit term resulted in a much better agreement with the experimental frequencies than those without, it was doubtful that SODFT has generated reliable geometrical data for the cation. We performed SODFT calculations for the cation with many more basis sets and/or RECPs than those presented in the tables and the results are listed as supplementary materials. 24 As seen in the tables, significant deviations in the equilibrium geometry was observed for different SODFT calculations of the cation. For example, differences in the C-I bond length and the Cl-C-I bond angle were 0.05 Å and 6°, respectively, between the two best SODFT calculations of the present study, sets 3 and 4 in Table I . This situation calls for further improvement in handling the spin-orbit effect for the radical cation like CH 2 ClI + . Reliable experimental data can be a useful guideline in such an effort.
D. Calculation of the Franck-Condon factors and estimation of the cation geometry
As has been mentioned in the Introduction, it has been our experience that the intensity distributions in the onephoton MATI spectra of halogenated hydrocarbons were in general agreement with the Franck-Condon factors, calculated using the molecular parameters obtained by the quantum-chemical results. 14, 15, 31 Also, a slight adjustment of these parameters was found to result in nearly quantitative agreement between the experimental and calculated intensities. For example, the intensity distribution in the methyl torsional progression observed in the MATI of 2-bromopropene could be reproduced almost quantitatively through quantum-mechanical calculations. 31 There are many reports on the successful explanation of the ZEKE/MATI spectra based on the Franck-Condon picture 19,32-38 even though exceptions 5, 18 are known also. Comparing the equilibrium geometries of the cation and the neutral calculated by SODFT in Tables IV and V, the largest differences are found for the C-I bond length and the CI-C-I bond angle. This is qualitatively compatible with the experimental observation that the fundamentals, overtones, and combinations involving 6 and 5 are the most prominent features in the MATI spectrum. Namely, it is indicated in the spectral pattern that the usual Franck-Condon picture may be a plausible explanation in the present case. We will present the result from the calculation of the Franck-Condon factors using the molecu- ClI cation in the ground electronic state calculated without ͑w/o͒ and with ͑w͒ the spin-orbit effect. Calculation sets in Table I lar geometry obtained by SODFT, evaluate its reliability, and attempt to improve the fit to the experimental data.
As has been mentioned already, the parameters needed for multimode Franck-Condon factor calculations are the equilibrium geometries, vibrational frequencies, and eigenvectors in the lower and upper states, or in the ground electronic states of the neutral and the cation, respectively. In actual calculations, one may use the parameters obtained from quantum-chemical calculations or replace some of these by experimental values. We performed calculations with many varying combinations of molecular parameters. However, we will present the results calculated from one particular set of combination, which appear to be the most meaningful judged on hindsight. This set of parameters comprised the experimental data for the equilibrium geometry of the neutral 39 ͑Table V͒, the experimental data for the vibrational frequencies of the neutral 13 and the cation ͑Table III͒, and the calculated data for the vibrational eigenvectors of the neutral and the cation. We first calculated the FranckCondon factors using the equilibrium geometry of the cation and the eigenvectors of the neutral and the cation obtained by SODFT. The spectrum evaluated from these FranckCondon factors calculated with the set 3 in Table I after a proper consideration of the bandwidth is compared with the experimental one in Fig. 2 . As can be seen from the figure, the agreement between the calculated and experimental spectra is not good. In particular, the calculation underestimated the 6 1 intensity relative to that of the 0-0 band, while that of 5 1 was overestimated. There can be several reasons for the mismatch between the experimental and the calculated intensity distribution. First is the harmonic approximation adopted for the vibrational wave functions of the neutral and the cation. To evaluate the influence of anharmonicity on the calculated FranckCondon factors, let us consider the following example. In the photoelectron spectrum of ClO 2 reported by Flesch et al., 40 1
n progression appears at 125, 245, 360, and 475 meV above the 0-0 band with the separation between the adjacent bands of 125, 120, 115, and 115 meV. Mok et al. calculated the Franck-Condon profiles of the progression without and with anharmonicity. 41 Influence of anharmonicity on the intensity distribution was barely noticeable. In the present case, 6 1 , 6 2 , 6 3 , and 6 4 appear at 114, 225, 334, and 448 cm −1 , respectively, and 5 1 , 5 2 , 5 3 , and 5 4 at 408, 811, 1215, and 1615 cm −1 , respectively, above the 0-0 band position. Namely, relative contributions from anharmonicity to 5 and 6 in the present case are less than that to 1 of ClO 2 + . This leads us to conclude that the influence of anharmonicity on the intensity distribution may be neglected in the present case.
Secondly, lifetimes of Rydberg states leading to each MATI peak may differ and affect the relative intensities measured. We recorded the present MATI spectrum with a range of PFI delay time from a few microseconds to as long as 20 s. Hardly any change in the relative intensities of MATI peaks was observed. We would like to mention our previous results that the MATI peak intensities were very stable during this time span when a scrambling field was applied. 42 Finally, the channel interaction, namely, the coupling between Rydberg states converging to different ionic states, may affect the relative intensities of MATI peaks, increasing those of lower-energy states at the cost of higher ones. 5, 18 Even though channel interaction has been reported for some cases, rotational channel interaction is of no concern in the present case because rotational resolution has not been achieved in the present work. Alteration of vibrational intensities due to channel interaction has been reported also, that in the 1 + 1 MATI spectrum of Ag 2 being the most notable example. 43 Schlag suggested that a vibrational band is unusually broad and degrades toward the red when the channel interaction is operative, and this effect disappears at the 0-K limit. 5 In the present spectrum, all the peaks look symmetric and have nearly the same width. We also recorded the spectrum under varying beam-expansion conditions. Under very warm expansion conditions, the intensity in the red region of each peak increased, but only very slightly. Regardless, the relative intensity of each peak remained essentially the same, suggesting that the channel interaction is not important for the present case. Evidence for this claim can be found from the MATI spectrum itself, Fig. 2͑a͒ . 5 n and 6 n intensities decrease steadily with n, as expected qualitatively from the Franck-Condon picture. Also, 5
2 , 5 1 6 1 , and 6 2 have comparable intensities, as expected from the similar intensities of 5 1 and 6 1 . Arguments presented so far suggest that the mis- ClI neutral in the ground electronic state calculated without ͑w/o͒ and with ͑w͒ the spin-orbit effect. Calculation sets in Table I match between the experimental and the calculated intensity distributions may be due to erroneous molecular parameters used in the calculation rather than anything else. Hence, we decided to adjust the cation geometry to improve the fit. The geometrical parameters which deviate largely among calculations, namely, the C-Cl and C-I bond lengths and Cl-C-I and I-C-H bond angles, were chosen as the adjustable parameters. For the fundamentals with the main motional characters along those coordinates such as 5 1 and 6 1 , good matches were achieved between the calculated and the experimental intensities in this way. However, the agreement was not satisfactory for some overtones and combinations, especially those involving the modes with iodine motion. We have mentioned earlier that the intensities of the fundamentals are more influenced by the geometry change than by the mode-mode coupling, while both affect the intensities of the combinations and overtones. Hence we decided to adjust the mode-mode coupling, the matrix C. The procedure taken is as follows: We first adjusted the geometrical parameters for the cation to fit the intensities of the fundamentals. Then several mode-mode coupling parameters such as C 55 , C 56 , and C 66 were optimized to reproduce the relative intensity of 5 1 6 1 . The spectrum thus obtained is shown in Fig. 2͑c͒ . It is to be noticed that not only the relative intensities of 5 1 , 6 1 , and 5 1 6 1 , but also those of other overtones and combinations involving 5 and 6 are quite well reproduced by calculations. This suggests that the present MATI spectrum follows the Franck-Condon picture rather well.
The approach taken here to fit the experimental spectrum may look somewhat arbitrary. To test the consistency of the approach, we started with many different sets of molecular parameters, namely, the cation geometry and the eigenvectors for the neutral and the cation, obtained by many SODFT calculations with various calculation sets and determined the optimized geometry of the cation via the spectral fitting described above. The results are listed in a supplementary material 24 and summarized in Table VIII . It is evident from the table that the optimized geometries obtained via the spectral fitting show a quite narrow scatter even though the calculation set dependence of the initial SODFT geometries was significant. For example, the Cl-C-I bond angle converged to within the standard deviation of ±0.09°regardless of the calculation set, while the scatter in the SODFT results was ±2.63°. It is to be mentioned that the components of the C matrix, C 55 , C 56 , and C 66 , also converged after the optimization. Considering that the vibrational frequencies obtained by SODFT differ somewhat from the experimental data, the calculated eigenvectors must differ from the exact ones, too. The results from the present analysis show that such differences are not critical in the determination of the cation geometry via spectral fitting.
V. CONCLUSION
Even though the relativistic effect can be significant in molecules containing a heavy atom͑s͒, its rigorous treatment is not generally practiced for polyatomic molecules. A usual approach is to adopt relativistic effective core potentials for heavy atoms and to treat the spin-orbit effect as the perturbation in the electronic energy after the structure determination. This practice of deferring the inclusion of the spin-orbit term to the end is partly due to the computational difficulty associated with treating spin-orbit interactions from the start of electronic structure calculations and is partly due to the absence of a practical example of a molecular system for which spin-orbit effects are required to generate the correct geometry of the ground state. One of the economical methods to treat spin-orbit and other relativistic effects on equal footing is the SODFT method employing RECPs and effective spin-orbit operators. We have shown in this paper that a more rigorous treatment of the spin-orbit term such as provided by the SODFT method is essential for the vibrational Table I were used to calculate the Franck-Condon factors in ͑b͒, while further geometrical adjustments were made to get ͑c͒.
assignment of CH 2 ClI + . Also, we have found that the vibrational frequencies and the molecular geometries obtained by SODFT calculations do not match the experimental results as well as for other cations without significant relativistic effects. In the process, we were able to suggest a method of generating reliable geometrical parameters for the cation from the combined set of experimental and calculated molecular parameters. The empirically fitted geometrical parameters appear to be well converged and quite insensitive to the choice of calculated parameters. In this sense, the present data of geometrical parameters can serve as the reference data with which one can calibrate various computational methods of treating radical cations in the presence of large spin-orbit interactions.
Even though the manifestation of the relativistic effects in the vibrational frequencies of CH 2 ClI + may look rather surprising, it is entirely plausible that the same may be observed for similar systems. In this regard, the rather extensive MATI spectroscopic studies of such systems are under progress.
